In vitro analyses of plant GATA transcription factors have implicated some proteins in light-mediated and circadian-regulated gene expression, and more recently the analysis of mutants has uncovered further diverse roles for plant GATA factors. To facilitate function discovery for the 29 GATA genes in Arabidopsis thaliana, we have experimentally verified gene structures and determined expression patterns of all family members across adult tissues and suspension cell cultures, as well as in response to light and signals from the circadian clock. These analyses have identified two genes which are strongly developmentally light-regulated, expressed predominantly in photosynthetic tissue, and with transcript abundance peaking before dawn. In contrast, several GATA factor genes are light down-regulated. The
INTRODUCTION
Plant GATA binding proteins were first identified during studies on light-responsive promoters (Lam and Chua, 1989; Buzby et al., 1990; Gilmartin et al., 1990; Lam et al., 1990; Schindler and Cashmore, 1990; Sarokin and Chua, 1992; Borello et al., 1993) following the identification of conserved GATA motifs within promoters that were up-regulated in response to light, including RbcS and Cab (Dean et al., 1985; Grob and Stuber, 1987; Castresana et al., 1988; Giuliano et al., 1988; Gidoni et al., 1989; Gilmartin et al., 1990; Arguello-Astorga and Herrera-Estrella, 1998) .
Subsequent studies implicated these elements in the regulation of circadian responsive genes and a number of in vitro analyses using plant nuclear extracts led to the definition of several proteins with specificity for GATA elements (Carré and Kay, 1995) . The presence of sequences within light-responsive promoters matching the GATAAGG motif previously defined as the binding site for the fungal GATA binding proteins AreA (Kudla et al., 1990) and Nit2 (Fu and Marzluf, 1990 ) and the vertebrate GATA transcription factors (Evans et al., 1988; Evans and Felsenfeld, 1989; Tsai et al., 1989; Orkin, 1992; Merika and Orkin, 1993) created the possibility that plant GATA binding proteins could also be type IV zinc finger proteins (Gilmartin et al., 1990; Daniel-Vedele and Caboche, 1993; Teakle and Gilmartin, 1998) .
The identification of a gene, Ntl1, from tobacco encoding a plant type IV zinc finger protein following degenerate PCR (Daniel-Vedele and Caboche, 1993) provided the first evidence for this class of protein in plants. Subsequent EST and genome sequence data revealed the presence of a gene family of related sequences in Arabidopsis (Teakle and Gilmartin, 1998) . The encoded proteins share extensive sequence similarity over the zinc finger domain to animal and fungal GATA factors, but differ from typical animal GATA factors which typically contain two Cx 2 C-x 17 -Cx 2 C zinc finger domains, by having a single zinc Cx 2 C-x 18 -Cx 2 C zinc finger (Teakle and Gilmartin, 1998) . This configuration is also present within fungal GATA factors WC1 (Ballario et al., 1996) and WC2 (Linden and Macino, 1997) involved in blue light and circadian responses. Subsequently, an additional plant specific zinc finger configuration Cx 2 C-X 20 -Cx 2 C was identified in Arabidopsis and rice (Nishii et al., 2000; Riechmann et al., 2000; Jeong and Shih, 2003; Reyes et al., 2004) and full containing GATA motifs (Teakle et al., 2002; Jeong and Shih, 2003; Sugimoto et al., 2003) .
Although plant GATA factors were initially implicated in light-mediated (Castresana et al., 1988; Giuliano et al., 1988; Buzby et al., 1990; Donald and Cashmore, 1990; Gilmartin et al., 1990; Lam et al., 1990; Schindler and Cashmore, 1990; Borello et al., 1993) and circadian responsive gene expression (Carré and Kay, 1995; Teakle and Kay, 1995) they have also been predicted to play a role in the control of nitrogen metabolism (Daniel-Vedele and Caboche, 1993; Bi et al., 2005) based on the involvement of GATA factors in the regulation of nitrogen balance in fungi (Fu and Marzluf, 1990; Kudla et al., 1990; Scazzocchio, 2000) . However there is now a growing body of data, both from analysis of mutant phenotypes arising from disruption of GATA genes, and from expression and bioinformatic analyses of members of this gene family in wild-type plants, that connect GATA factors to a wide range of different biological functions.
The Arabidopsis genome contains 29 GATA factor genes (Riechmann et al., 2000 and this work). Mutations arising from disruption or over-expression of only four of these genes have so far been reported. These studies have identified effects on a range of processes; the ZIM (GATA25) over-expression phenotype shows altered cell elongation (Nishii et al., 2000; Shikata et al., 2004) ; mutation of HANABU TARANU (GATA18) in the han mutant shows defects in flower and shoot apical meristem development (Zhao et al., 2004) , and disruption of BME3 (GATA8) shows defects in seed germination (Liu et al., 2005) . Mutation of GNC (GATA21) (Bi et al., 2005) reduces chlorophyll levels and produces defects in regulation of expression of a range of genes involved in sugar metabolism. Interestingly, expression of GNC is nitrate-inducible (Bi et al., 2005) . Although some of these effects involve lightregulated processes, none of the currently available evidence conclusively implicates any of these GATA genes as key regulators of photosynthetic gene expression.
With the availability of near full-genome coverage microarray platforms, and extensive publicly available microarray data sets representing a broad spectrum of growth conditions and mutants, it is possible to identify changes in transcript abundance for those GATA factor genes represented on the arrays. In addition, web-based tools, such as NASCArray tools, Genevestigator and others provide opportunities for data mining to characterise expression patterns of individual GATA factor genes (Craigon et al., 2004; Zimmermann et al., 2004; Jen et al., 2006; Manfield et al., 2006) that may provide insight into potential biological function. This approach has been used previously to predict roles for other poorly characterised genes in secondary cell wall thickening leading to the identification of mutant phenotypes (Persson et al., 2005) . Co-expression analysis tools such as the Arabidopsis Co-expression Tool, ACT, (Jen et al., 2006) , in conjunction with tools such as Genevestigator (Zimmermann et al., 2004) can therefore be used to identify information facilitating gene function prediction. However, only 21 of the 29 GATA genes are represented by probe sets on the Affymetrix ATH1 array which is the source of the data used by NASCArray tools, Genevestigator and ACT. Similarly, some of the GATA factor genes are not represented in the extensive datasets generated by Massively Parallel Signature Sequencing (MPSS) (Meyers et al., 2004) and are therefore not amenable to bioinformatics analysis of expression patterns.
Bioinformatic analysis of the Arabidopsis GATA family (Reyes et al., 2004) has provided insight into the evolutionary relationships of the different GATA family members, but experimentally confirmed gene structures are not available for the majority of these genes. As a prerequisite for a comprehensive functional genomics analysis of the Arabidopsis GATA factors, we analysed the entire GATA gene family to experimentally confirm predicted gene structures, including definition of 5' and 3' untranslated regions. The identification of transcription start sites by 5' RACE and discovery of introns within several 5' UTR sequences have provided experimental confirmation of the location of upstream regulatory sequences. In addition, as part of our on-going studies to define biological functions for members of this family, we have undertaken gene-specific expression analysis using quantitative PCR with different tissues and growth conditions to obtain an integrated expression profile for the whole family. These data complement extensive bioinformatic analysis of GATA expression profiles for those genes represented on the Affymetrix ATH1 array, and provide new insights into the biological significance of several members of this gene family. These results are used to elucidate the divergence and convergence of expression profiles following gene and genome duplications.
RESULTS

Defining membership of the GATA factor family
A number of families of zinc finger transcription factors containing a C 2 -C 2 zinc binding domain have been defined in plants, including the CONSTANS and CONSTANS-LIKE family (Griffiths et al., 2003) , the Dof family, which includes DAG1 and DAG2 (Gualberti et al., 2002) and the GATA family (Teakle and Gilmartin, 1998) . These families of proteins contain members that share some common features, for example similar spacing between the paired cysteine residues, and this has sometimes resulted in the consideration of members of different families under the general term, GATA factors (for example (Putterill et al., 1995; Nemoto et al., 2003; Umemura et al., 2004) . However, for this study we used conserved features of GATA factor family members across all kingdoms (Lowry and Atchley, 2000) to identify all GATA factor gene family members within the Arabidopsis genome. The criteria for inclusion based on the zinc finger configuration C-x 2 -C-x 18/20 -C-x 2 -C are: 1) the presence of two pairs of cysteine residues within the predicted zinc finger domain which are each separated by two amino acids; 2) a loop of 18 or 20 amino acids between the two pairs of cysteine residues; 3) conservation of the amino acid sequence LCNACG around the second cysteine pair and 4) the presence of conserved TPQWR or TPMMR motifs within the X 18/20 loop. Table I presents a comparison of selected amino acid sequences from plant, animal, and fungal GATA factors and highlights differences between the CONSTANS and Dof zinc finger configuration.
By these criteria, GATA29 (At3g20750) (Table I) is the most divergent gene we consider to encode a GATA factor even though the spacing between the first cysteine pair is four amino acids rather than the classical two. Gene At4g16141 (Table I) has been considered by some (Riechmann et al., 2000; Bi et al., 2005) to be a GATA factor. However, this assessment would appear to be based solely on the presence of the LCNACG motif; it does not match any of the other defined criteria and we have therefore excluded it from consideration as a GATA factor. Similarly, At3g17660, used as an outgroup in phylogenetic analyses (Reyes et al., 2004) , lacks the necessary motifs for inclusion in the family (Table I) . Our bioinformatics analyses resulted in the identification of twenty nine members of the GATA gene family. During the course of our work, similar database searches were reported (Jeong and Shih, 2003) and we have adopted the nomenclature defined by these authors for our experimental structure and expression analysis of the GATA factor family.
Gene structures
Bioinformatic analysis of GATA factor genes in genome sequence has been used to predict transcription units including the location of introns (Reyes et al., 2004) , but in order to investigate gene function, accurate and experimentally defined gene structures are needed to confirm transcription start sites, as well as to confirm intron splice junctions, and delineate 5' and 3' untranslated regions (UTRs) to facilitate identification of regulatory sequence motifs.
We used EST database sequence information, where available, to assemble fulllength cDNA sequences for the Arabidopsis GATA genes. No cDNA sequence was available for seven of the predicted genes and 5' and 3' cDNA end sequence was incomplete for eight and nine other genes respectively. We therefore used RT-PCR with RNA from a range of tissues to confirm or identify exon-intron boundaries and performed 5' and 3' RACE-PCR to determine the limits of the transcription unit for those genes where full-length EST sequences were unavailable. These analyses identified the transcription start and end points, as well as intron splice junctions, for gene family members. Sequences have been deposited at GenBank under accession numbers DQ875127-DQ875134. In the case of GATA14 we were unable to obtain any 5' UTR data to confirm the transcription start site of this gene and for
GATA16
we were unable to obtain 3' UTR information. However, cDNA sequences were identified for all genes providing evidence that therefore there are no untranscribed pseudogenes in the family. Assembled gene structures for the GATA genes are presented in Figure 1 . The phylogenetic relationships of the different family members, as defined previously (Reyes et al., 2004) , are represented diagrammatically.
Our analyses have identified features within the genes that could not have been predicted using in silico analysis alone, including introns within the 5' UTRs of ten of the GATA genes, as well as the absence of a predicted short exon in GATA13 (Reyes et al., 2004) (Figure 1 ). We have not identified any alternative splicing of GATA transcripts, although one gene, GATA28, features a non-consensus donoracceptor splice junction, GC-AG. A number of GATA genes contain short upstream ORFs (suORFs) in the 5' UTR in addition to motifs involved in modulating RNA stability and translation (Table I , Supplemental Material). The average lengths of GATA 5' leader and 3' UTR sequences, 153 ±98 nt and 217 ±90 nt respectively, are similar to transcriptome averages of 125 nt and 248 nt (Kawaguchi and BaileySerres, 2005) . Such information and knowledge of 5' leader intron size and position are prerequisites for the delineation of promoter elements and construction of promoter-reporter constructs. These analyses will also inform searches of T-DNA insertion lines to identify disruptions within transcription units as well as support in silico predictions of transcription regulatory motifs.
Gene expression patterns
Comprehensive microarray data sets are available for some members of the GATA gene family, but several of the GATA factor genes (indicated by asterisks in Table   II) are not represented on the Affymetrix ATH1 microarray. Gene-specific confirmation of microarray expression data, and in-depth analyses on individual genes, using for example Northern and in situ expression analysis, is available for a very limited number of genes in the GATA family. Phylogenetic analysis of GATA factor genes based on protein sequence data has identified four subfamilies (Reyes et al., 2004 We designed primers specific for each of the GATA factor genes (Table II, Supplemental Material) and performed quantitative RT-PCR to generate a comprehensive expression analysis of all members of the family. This approach provides the greatest sensitivity and quantitative detection of genes expressed at low levels (Czechowski et al., 2004) . We performed an analysis of cDNA from lightgrown and dark-grown etiolated seedlings to define which members of the GATA gene family are developmentally light-regulated. We then determined the influence of circadian regulation on the gene family. We also analysed cDNA from a clearly defined set of adult tissues, namely roots, stems, leaves, flowers and siliques, as well as cell culture tissue, to generate an expression dataset which together with the light-grown and dark-grown seedling expression data was used to compare expression profiles between different family members and support the grouping of genes based on this simple set of expression criteria. The expression data are presented as three sets; Figure 2 presents expression data derived from light-grown and dark-grown seedlings, Figure 3 shows the analysis of circadian regulation and Figure 4 presents the developmental expression in roots, stems, leaves, flowers, siliques and cell culture. The cDNAs used for analysis of light and dark-grown seedlings and dissected organs were prepared and analysed by qPCR in parallel. It was these data that were used in combination to produce a cladogram, grouping genes by the similarities of their expression ( Figure 5 ). An overview of the results is initially presented followed by a detailed analysis of the different expression clades identified by expression pattern clustering.
Reports of DNA binding activities in plant nuclear extracts recognising GATA motifs in the promoters of light-responsive genes (Lam and Chua, 1989; Buzby et al., 1990; Gilmartin et al., 1990; Lam et al., 1990; Schindler and Cashmore, 1990; Sarokin and Chua, 1992; Borello et al., 1993) and information from published microarray data indicating light-regulated expression of some GATA genes (e.g. The identification of GATA genes showing differential regulation between lightgrown and dark-grown seedlings, coupled to the implications of GATA factor involvement in circadian regulation led us to perform quantitative RT-PCR analysis of circadian regulation of the GATA gene family. We followed published methods (Millar et al., 1995; Harmer et al., 2000) and used primers designed to the transcript Thirteen GATA genes were expressed at a sufficient level in the assays to evaluate their circadian regulation (Figure 3 ). Of these thirteen, nine revealed rhythmic expression. Five genes, GATA1, GATA3, GATA7, GATA8 and GATA25 showed an expression peak coinciding with CCA1 at 24h (subjective dawn), while GATA21
(GNC) and GATA22 produced a circadian peak at 20 hours, pre-empting dawn. In contrast, expression of GATA9 and GATA12 peaked at 28 hours, 4 hours after subjective dawn. A number of genes, namely GATA1, GATA3, GATA7, GATA21
and GATA22, showed damping in the amplitude of the second peak of transcript abundance. Analysis of GATA2 revealed rhythmic behaviour, but independent biological replicates showed different phases of peak transcript abundance;
averaging data from these duplicate experiments therefore does not portray a single clear rhythm (data not shown). The different phases of the rhythm in these samples is surprising as the assays were done using the same RNA samples used for the analyses shown in Figure 3 . GATA11, GATA24 and GATA28 were arrhythmic.
These results identify a set of clock-regulated GATA factor genes showing different phases of expression. In addition, these data reveal that not all light-modulated 
Analysis of expression clades
To facilitate inferences of functional relationships, including potential redundancy between genes, and to investigate whether evolved expression profiles correlate with previously defined phylogenetic groupings based on amino acid sequence, we integrated expression pattern data for all 29 genes across eight different RNA samples by clustering with respect to similarities in expression pattern ( Figure 5 ).
Strikingly, few GATA genes are expressed in predominantly one specific tissue, rather, the expression profiles show expression in most RNA samples analysed with the different relative levels of expression revealing major expression groupings that we define as seven expression clades ( Figure 5 ).
All of the samples analysed, with the exception of the suspension culture, consist of complex mixtures of cell types with some commonality of cell types between the different tissues. This situation may contribute to the broad expression profiles of some genes, but the data clearly illustrate that the clustering of family members by expression profile does not correlate precisely with sequence-derived phylogenies.
These differences are summarised in Table II where the differences in signal intensity possibly reflect differences in the sizes of the root system in the photomorphogenic and skotomorphogenic seedlings.
GATA3, GATA8 (BME3) (Liu et al., 2005) and GATA16 also present similar expression profiles within expression clade 1, although GATA3 is not expressed in suspension culture cells and shows slightly higher expression in seedlings. None of these three genes cluster through sequence alignment (Figure 1 ), indeed GATA8
and GATA16 represent members of different GATA subfamilies (Reyes et al., 2004) . GATA29 which encodes a protein that aligns most closely to that encoded by GATA16 (Reyes et al., 2004 ) is the only GATA factor gene that shows highly specific expression in siliques and represents the sole member of expression clade 7. The GATA29 zinc finger is also the most divergent of all family members as it contains an unusual Cx 4 C cysteine pair within the zinc finger domain (Table I) .
Within this clade, only GATA19 and GATA23 show differences in expression between light-grown and etiolated seedlings, and GATA3 and GATA8 are the only two genes under circadian control.
Expression clade 2 is characterised by the enhanced expression of the three members, GATA2, GATA4 and GATA9 in dark-grown seedlings and in mature lightgrown plants, the strongest expression is in roots and flowers. Phylogenetic analysis identifies GATA2 and GATA4 as having arisen from a common origin via a genome duplication event (Reyes et al., 2004) . Our analyses also highlight GATA9
and GATA12 as a gene pair sharing extensive gene structure and sequence similarity ( Figure 1 ). These four genes cluster as members of subfamily I (Reyes et al., 2004) . The exclusion of GATA12 from expression clade 2 appears to arise due to the high levels of expression of this gene in stem, a tissue where GATA2, GATA4
and GATA9 expression is limited; GATA12 is grouped in expression clade 3.
However, all four of these genes show significant down-regulation in light-grown as opposed to dark-grown seedlings and share other expression characteristics (Figures 2 and 3). Microarray analyses report the circadian cycling of transcript abundance of GATA4 (Harmer et al., 2000) and of GATA2, GATA4, GATA9 and
GATA12 (Edwards et al., 2006). Our qPCR analyses reveal circadian regulation of
GATA9 and GATA12 with a peak of expression four hours after subjective dawn ( Figure 3 ). However, we were unable to demonstrate robust circadian control of GATA2 and GATA4. As discussed above, GATA2 expression cycles but the phase is variable, and GATA4 expression in light-grown seedlings ( Figure 2 ) is too low to reveal a robust rhythm.
Analysis of gene expression patterns using ACT indicates that GATA2 and GATA4
show strong co-expression with each other as well as a significant number of genes with roles in cell wall assembly, including expansins, AGPs and glycosyl hydrolases (data not shown). These analyses also reveal that GATA2 and GATA4 are coexpressed with PHYA, but not with genes encoding other phytochromes (shown as black triangles in Figure 6a) ; PHYA is the eighth most strongly co-expressed gene with GATA4 (r-value, 0.67; p-value for the observed correlation occurring by chance, 2x10 -44 ). In addition, a number of genes involved in photo-response The final pair of genes within expression clade 3 is GATA6 and GATA7. These genes, together with GATA5, represent a group of three closely related sequences within subfamily I that arose through two different segmental duplication events (Reyes et al., 2004) . GATA5 and GATA6 retain greater sequence similarity to each other than either do to GATA7 (Reyes et al., 2004) and Figure 1 ), yet in terms of expression profiles, GATA5 is the most divergent with almost constant expression across all adult plant organs analysed, while neither GATA6 nor GATA7 show strong expression in leaves, roots or suspension culture cells.
Expression clade 4 contains only two members, GATA21 (GNC) (Bi et al., 2005) and GATA22, and these genes are characterised by showing significantly high levels of expression in light-grown seedlings. Together with GATA23 these genes show the strongest differential expression between light-grown and etiolated seedlings with GATA22 showing a 75-fold difference in expression levels ( Figure 2) and the highest level of expression of any GATA gene in adult leaf (Figure 4 ). These three genes cluster in subfamily II with GATA21 and GATA22 arsing from a duplication event between chromosome 4 and 5 (Reyes et al., 2004) . GATA23 is the most divergent of the three as revealed by gene structure (Figure 1 ) and also by expression profile (Figure 5 ). Notwithstanding the significant differences in expression between light-and dark-grown seedlings for these three genes, GATA23
is not part of this clade as its expression in light-grown seedlings is relatively weak, and in contrast with GATA21 and GATA22 it shows high transcript levels in root and stem ( Figure 5 ). GATA21 and GATA22 show no expression in roots or in nonphotosynthetic cell culture but do show strong expression in green photosynthetic tissues and available array data suggests both circadian and diurnal changes of Bioinformatic analysis of GATA21 (GNC) using the Gene Ontology (GO) tool within ACT (Manfield et al., 2006 ) reveals co-expression with a number of light-regulated genes encoding proteins destined for the chloroplast, including those involved in carotenoid biosynthesis (data not shown). In contrast, GATA22 shows coexpression with genes showing over-representation of transcription factor and circadian rhythm GO terms (data not shown). The ACT scatter plot analysis of GATA21 (GNC) and GATA22 is shown in Figure 6c . The skew of data points representing co-expressed genes away from the 45° bisecting line indicates that of those genes that are co-expressed with both GATA genes, the expression of the majority is more strongly-correlated with GATA21 than with GATA22. Although GATA21 and GATA22 share a common origin and present similar conserved expression profiles (Figure 5 ), they have diverged in terms of the genes with which they are co-regulated and perhaps regulate. This divergence of expression correlation is less dramatic than seen for GATA9 and GATA12 (Figure 6b ) but reveals a number of genes that stand apart from the main cluster. These genes include a number of transcription factor genes involved in or subject to light and circadian regulation, including CCA1, LHY, CONSTANS-LIKE1, CONSTANS-LIKE2, HY5 and HYH. The probability of these observed expression correlations occurring by chance is extremely small (p = 8x10 -14 ) and these genes all rank within the best-correlated 0.5% of genes with GATA22. Several of these genes are also co-expressed with GATA21 (GNC) but at much lower rankings (Figure 6c expression profiles. Only GATA17 shows greater than two-fold higher expression in light compared to dark-grown seedlings, but both GATA1 and GATA25 (ZIM) show robust circadian regulation with peaks of expression at subjective dawn, and 2 hours prior to subjective dawn respectively. Expression of the two other members of subfamily III, GATA24 and GATA28, is not influenced by the circadian clock suggesting either that GATA25 has come under circadian control since the gene duplication event, or that GATA24 and GATA28, or their progenitor gene, have lost this aspect of regulation. Although ZIM, ZIML1 and ZIML2 proteins all contain a CCT motif, also present in CCA1, CONSTANS and TOC1 proteins (Reyes et al., 2004) , only GATA25 (ZIM) shows evidence of regulation by the clock (Figures 2 and   3 ).
The convergence of expression patterns for genes from different sequence subfamilies discussed above is also seen for GATA13 and GATA27, comprising expression clade 6, with strongest expression in suspension culture cells and very little expression in differentiated plants. These genes also show divergent expression patterns from the genes with most similar sequence; for GATA13, the related GATA10, GATA11 and GATA8 (BME3) are expressed in clades 1 and 3, while for GATA27, the related GATA26 is expressed in clade 5. 
DISCUSSION
Gene and protein structures
Our analyses have focused on 29 members of the GATA family in Arabidopsis. We defined membership by conservation of specific sequence elements within the zinc finger domain across the GATA families of all Kingdoms. By these criteria, At4g16141 (Table I ) which has been considered by others to represent a 30 th member of the family (Riechmann et al., 2000; Bi et al., 2005) , is not included in our analyses. We however included At3g20750 (GATA29) as the most divergent and potential family member. GATA29 differs from the consensus Cx 2 C-x 18/20 -Cx 2 C configuration with Cx 4 C in place of the first cysteine pair, but contains many other signature amino acids within the zinc finger. Neither GATA29 nor the possible 30 th member show conservation of sequence domains C-terminal to the zinc finger identified by Reyes et al. (2004) . Sequences C-terminal to the zinc finger have been shown to be required for DNA binding in chicken GATA-1 (Omichinski et al., 1993) and in AreA (Manfield et al., 2000) . The corresponding regions in plant GATA factors are highly conserved with different sequences represented in the different subfamilies, but these are distinct from the fungal and animal proteins. This region has been proposed, following deletion and site-directed mutagenesis, to be required for both DNA binding and transactivation, leading to the suggestion that plant GATA factors fold to create a DNA binding domain more similar to the yeast GAL4 Cys 4 His 2 zinc binuclear cluster motif (Sugimoto et al., 2003) . This model indicates a 2:1 zinc:protein molar ratio rather than the expected 1:1 and this could be tested using colorimetric zinc-binding assays (Manfield et al., 2000) . However, we note that the critical histidine residues are only conserved within proteins belonging to subfamily I (Reyes et al., 2004) . This assay would also determine whether GATA29 and the more divergent At4g16141 encode proteins that can bind zinc. UTRs, alternative splice sites and splice variants. Although available full-length cDNA clones contribute significantly to the accurate mapping of a transcription unit, these were not available for many of the GATA factor genes therefore accurate identification of regulatory sequences and promoter elements has not been possible. Experimental confirmation of predicted gene structures is therefore an important aspect of functional genomics.
Previous analyses of the
Accurate gene structure data in conjunction with gene expression analysis can also provide valuable information on the regulatory mechanisms influencing transcript abundance.
Our analyses have provided experimentally verified gene structure models for the GATA gene family using both 5' and 3' RACE to confirm available existing full length cDNA sequences as well as generating data for genes where only partial cDNA sequences were available. However, we could not obtain complete cDNA sequences for GATA14 and GATA16. Although we have confirmed that both these genes are expressed (Figure 4 ), we were unable to amplify the 5' end of GATA14 and the 3' end of GATA16 by RACE. There is only partial EST sequence data available for these genes and we conclude that their transcripts must contain sequences that make them resistant to cDNA synthesis. Our analyses have defined and confirmed the presence of introns within the 5' UTRs of ten GATA genes, corrected the mis-prediction of an exon in GATA13, and confirmed a nonconsensus splice donor site in GATA28. This information will not only permit the accurate prediction of upstream regulatory sequences for promoter and gene expression analysis but has identified the 5' UTR sequences. , 2005) . Other than the suORFs of related GATA genes which encode similar peptides, none of the GATA suORFs show any similarity to each other, to the SC-suORF, or to any other sequence of the genome predicted to be found in a transcript leader sequence. It is possible that any functional role for the GATA suORFs is mediated not through the specific sequence of the suORF, but rather by having an effect on the efficiency of translation re-initiation at the downstream authentic AUG (Kozak, 2000) . The presence of sequences involved in RNA stability and translational control within some GATA transcripts suggests potential post-transcriptional regulation. These analyses are summarised in Table I, Supplemental Material.
Light regulatory roles for GATA factors and expression divergence following gene duplication
The consequences of divergence on the expression of closely related gene pairs is best illustrated by consideration of three gene pairs; GATA2 and GATA4, GATA9
and GATA12, GATA21 (GNC) and GATA22. All six of these genes provide multiple lines of evidence to implicate them in aspects of light regulation. The first and last of these gene pairs arose following large chromosomal duplications between 53 and 97 million years ago (Reyes et al., 2004) , whereas GATA9 and GATA12 possibly arose from a small duplication event not previously identified. Based on sequence, gene structure and elements of their expression profiles, GATA2, GATA4, GATA9 and GATA2 showed rhythms with different phases between replicates whereas for all other genes tested using these same cDNA samples the replicates were superimposed. The low level of GATA4 expression did not permit circadian analysis of this gene. These four genes show considerable similarities in their developmental expression profiles (Figure 4) , however, GATA12 does not group within expression clade 2 due to the high levels of expression seen in stems ( Figure   5 ). This difference suggests that one aspect of the divergence of GATA9 and GATA12 is reflected by a gain of expression in stems by GATA12.
Scatter plot analysis using ACT reveals that GATA2 and GATA4 are co-expressed with each other as indicated both by the close proximity of the data points representing these two genes (Figure 6a) , and by the close alignment of data points for co-expressed genes along the 45° diagonal. This observation indicates that following the gene duplication, GATA2 and GATA4 have maintained similar expression relationships with co-expressed genes including potential target genes, suggesting some conservation of function and potential functional redundancy. We have also shown previously (Teakle et al., 2002 ) that recombinant GATA2 and GATA4 interact with the same DNA sequence motifs. GATA2 and GATA4 are also tightly co-expressed with PHYA, and a range of genes encoding bHLH transcription factors, including PIL5/PIF1, SPT, PIF3 and HFR1, which have defined roles in lightresponsive signalling. We note that none of the other PHY genes are co-expressed with GATA2 and GATA4. The light down-regulation of GATA2 and GATA4 suggests that these GATA genes may have a role in repression of photomorphogenesis.
Analysis of the promoters of genes co-expressed with GATA2 and GATA4 shows over-representation of G-box and ABRE-like motifs, the elements recognised by bHLH and bZIP transcription factors (data not shown) supporting common regulation of these co-expressed genes. PIL5/PIF1 and SPT have been shown to have roles integrating light, hormonal and environmental signals during seed germination and etiolation (Oh et al., 2004; Penfield et al., 2005; Shen et al., 2005) . We speculate that GATA2 and GATA4 may play a role in seed germination and seedling establishment, either within the light signalling pathway (Penfield et al., 2005) or through mobilisation of lipid reserves by enzymes such as isocitrate lyase and malate synthase (Eastmond et al., 2000; Penfield et al., 2005) .
In contrast, the ACT scatter plot analysis for GATA9 and GATA12 reveals significant divergence of regulation for these two genes. The heart-shaped pattern seen for GATA9 and GATA12, and the distance between the data points for these two genes suggests that these genes have diverged sufficiently in function that they are now regulated with, and potentially regulate different sets of genes. We are currently investigating if there is a feature of the regulation of the genes best correlated with GATA 9 which distinguishes them from the genes best correlated with GATA 12 (Figure 6b ). Furthermore, although GATA9 and GATA12 share many expression characteristics with GATA2 and GATA4, including down-regulation in light-grown seedlings, they do not show co-expression with any of the genes involved in light signalling highlighted for GATA2 and GATA4 (Figure 6b ). These observations suggest that GATA9 and GATA12 have not only diverged from GATA2 and GATA4, but they are also diverging in expression from each other and would not be predicted to show functional redundancy. (Figures 1, 5) . GATA22 is the most highly up-regulated gene in lightgrown over dark-grown seedlings, and along with GATA21 (GNC) shows a circadian peak pre-empting dawn. The stronger correlation of expression of genes defined in light responses, including HYH and HY5, with GATA22 than with GATA21 (GNC) (Figure 6c ), leads us to speculate that GATA22 may also play a role in photo-regulation along with GATA21 (GNC) (Bi et al., 2005) .
Additional microarray data reveals that cytokinin induces expression of both GATA22 and GATA21 (GNC) (Kiba et al., 2005) and that expression of both genes is induced by red light in a PIF3-dependent manner (Monte et al., 2004) . We also note that promoters of genes co-expressed with GATA22 and (GATA21) GNC show over-representation of G-boxes (data not shown) and we speculate that these might be among the direct targets of PIF3 or a related bHLH transcription factor. A group of genes, including LHY, CCA1, COL1 and COL2, HY5 and TOC1 have been identified as red light-responsive and independent of or slightly dependent on PIF3 for this induction (Monte et al., 2004) . Our bioinformatic analysis of microarray expression data using ACT allows the dissection of this group of genes reporting that LHY (Schaffer et al., 1998) , CCA1 (Wang et al., 1997) , COL1 (Ledger et al., 2001 ) and COL2 (Ledger et al., 2001 ) are all co-expressed with both GATA21 (GNC) and GATA22 but more highly-ranked with GATA22.
Calculation of correlation values using different data sets and using different statistical algorithms further supports these correlations (data not shown). In addition to PIF3, roles have been identified for TOC1, ELF3 and ELF4 in the regulation of LHY and CCA1 (Kikis et al., 2005 for these regulatory proteins might reveal whether these are upstream regulators of these GATA genes. Furthermore the integration of hormonal signalling with light signals (Chen et al., 2004; Cluis et al., 2004; Kiba et al., 2005) suggests that hormones may also play roles in regulation of these GATA genes. microarray analysis of knockout and over-expression lines for several GATA factor genes. These studies which provide further insight into the role of plant GATA factors will be reported separately. were switched to constant light and from subjective dawn on the eighth day, seedlings were harvested into liquid nitrogen at four hour intervals RNA purification and cDNA synthesis: Total RNA was purified using an SDS-based extraction buffer followed by phenol/chloroform extraction, LiCl precipitation and purification on QIAgen RNeasy spin columns with a DNase I digestion to remove contaminating genomic DNA (Hadden et al., 2006) . RNA concentrations were determined by UV absorbance spectrophotometry and RNA integrity confirmed by agarose gel electrophoresis. RNA (2 µg) was converted to cDNA using an oligo-d(T) primer and MMLV reverse transcriptase (Superscript II, Invitrogen) in a 40 µL reaction volume, but otherwise following manufacturer's instructions. For quantitative PCR, reaction products were diluted 8-fold before analysis. Due to variation in reference gene expression across these diverse samples, to control for differences in efficiency of cDNA synthesis, the yield of cDNA product was measured directly. Concentration of nucleic acids and nucleotide removal were performed using centrifugal concentration devices (Microcon PCR, Millipore)
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MATERIALS AND METHODS
Plant growth: Arabidopsis thaliana
followed by quantitation of nucleic acids by spectrophotometry (ND 1000 spectrophotometer, Nanodrop Technologies, USA). For the results reported here, the standard deviation was <20% of the average yield for each set of samples. PCR Amplification of cDNA products: To confirm exon positions, primers were designed around the predicted start and termination codons and used in a PCR under standard conditions with a pool of cDNAs from a range of tissues as the template. PCR products were ligated to pGEM T-easy cloning vector (Promega) and ligation products used to transform E. coli DH5α to ampicillin resistance. The sequence of inserts was determined using dye-labelled M13 forward and reverse primers in a Li-Cor sequencer.
5' and 3' RACE PCR: For 5' RACE, first-strand cDNA was synthesised with an oligod(T) primer and an adapter-tagged primer for second-strand synthesis (RLM-RACE, Ambion). For 3' RACE, first-strand cDNA synthesis was primed with an adaptertagged oligo-d(T) primer. Gene-specific primary and nested primers were designed around 200 bp from the predicted end and used in a PCR with the adapter primer.
Reactions products were cloned and sequenced as described above.
Quantitative PCR and primer design: Primers (with optimal length of 20 nt and predicted T m of 60°C) for quantitative PCR were designed using the Primer 3 software at http://frodo.wi.mit.edu./cgi-bin/primer3/primer3.cgi (Rozen and Skaletsky, 2000) to give amplicons of around 100 bp. Regions of each GATA gene with similarity to other regions of the genome were identified by BLAST analysis with an E-value of 1.0 and these were excluded from the regions used for primer selection.
The sequence of each expected amplicon was then used in a BLAST analysis against the Arabidopsis genome, with an E-value of 10, to identify any regions of weak similarity to the primers. Any amplicons with sequence similarity to untargeted regions at the primer or immediately 3' bases were discarded. These bases were in turn excluded for selection of additional primers, with BLAST analysis again until wholly-specific amplicons were predicted.
Reactions were prepared using 100 pmoles of each primer and cDNA products equivalent to 50 ng of template RNA in a 20 µL reaction with PCR master-mix (Eurogentec or Bio-Rad). A standard curve was prepared from a pool of cDNA samples diluted through five 5-fold steps and analysed in duplicate. Samples were analysed using a Bio-rad iCycler with an annealing temperature of 60°C over 40 cycles. Following the PCR, melt curve analysis was performed to distinguish the expected amplicon from primer dimers. The amount of template in "unknown" samples was calculated from the threshold value by the iCycler software using the standard curve results. Amplification efficiencies were typically >75%. transcript levels were normalised to the average level for each gene across all eight samples tested. Data presented is from analysis in duplicate of two independent biological replicates.
Bioinformatics: DNA sequence comparisons were performed using BLAST programs available at NCBI (www.ncbi.nlm.nih.gov/BLAST). Sets of genes showing the strongest co-expression with each GATA factor were obtained using the Arabidopsis Co-expression Tool (www.arabidopsis.leeds.ac.uk/ACT). Probe set IDs for GATA factors and genes co-expressed with each GATA factor were pasted into the Genevestigator MetaAnalyzer tool (Zimmermann et al., 2004) to identify tissues where each gene is expressed. Expression data were clustered using Java Treeview (http://sourceforge.net/projects/jtreeview) to produce Figure 5 .
New sequence data has been deposited at GenBank under accession numbers DQ875127-DQ875134.
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